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Abstract

The role of terrestrial vegetation in transferring chemicals from soil and air into specific plant
tissues (stems, leaves, roots, etc.) is still not well characterized. We provide here a critical review
of plant-to-soil bioconcentration ratio (BCR) estimates based on models and experimental data.
This review includes the conceptual and theoretical formulations of the bioconcentration ratio,
constructing and calibrating empirical and mathematical algorithms to describe this ratio and the
experimental data used to quantify BCRs and calibrate the model performance. We first evaluate
the theoretical basis for the BCR concept and BCR models and consider how lack of knowledge
and data limits reliability and consistency of BCR estimates. We next consider alternate
modeling strategies for BCR. A key focus of this evaluation is the relative contributions to
overall uncertainty from model uncertainty versus variability in the experimental data used to
develop and test the models. As a case study, we consider a single chemical, hexahydro-1,3,5-
trinitro-1,3,5-triazine (RDX), and focus on variability of bioconcentration measurements
obtained from 81 experiments with different plant species, different plant tissues, different
experimental conditions, and different methods for reporting concentrations in the soil and plant
tissues. We use these observations to evaluate both the magnitude of experimental variability in
plant bioconcentration and compare this to model uncertainty. Among these 81 measurements,
the variation of the plant/soil BCR has a geometric standard deviation (GSD) of 3.5 and a
coefficient of variability (CV-ratio of arithmetic standard deviation to mean) of 1.7. These
variations are significant but low relative to model uncertainties--which have an estimated GSD

of 10 with a corresponding CV of 14.
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Introduction

Plant-to-soil and plant-to-air bioconcentration ratios (BCRs) are used to relate chemical
concentrations measured in different vegetation tissues to concentrations in the soil supporting
that vegetation. In spite of continuing laboratory and field studies, the role of terrestrial
vegetation in transferring chemicals from soil and/or air into specific plant tissues (stems, leaves,
roots, etc.) is still not well understood. The lack of chemical-, plant-, and site-specific BCR
measurements has led to a reliance on empirical and process-based models to explain and predict
the fate of chemicals in air/plant/soil systems. The uncertainties associated with both BCR
experiments and the models derived from these experiments often limit the reliability of these
models for making estimates of chemical uptake and estimating exposure to humans and
ecological receptors.

Chemicals in the environment are transferred to plant parts from both air and soil. Efforts to
model and evaluate plant uptake of chemicals tend to focus separately on air-plant and soil-plant
transfers. The focus of the models and data reviewed in this paper is on the soil-to-plant
pathways. We recognize that field and chamber studies show that, in addition to soil uptake, both
gas-phase uptake and particle-phase deposition can transfer chemicals from air to vegetation [1-
8]. But we restrict our evaluation to the body of theoretical and experimental work that
addresses plant-to-soil BCRs. These studies have led to models that explain the relative

magnitude of soil-plant transfer based on chemical properties.



Chemicals in soil enter plants primarily through the root system and the degree of uptake
from soil into root tissues appears to be proportional to the octanol/water partition coefficient,

Kow [9]. Thus, studies on the bioconcentration of nonionic organic chemicals have focused on

correlations between partition factors and chemical properties that express relative solubility,

such as K,,,. But the pool of data available for making soil-plant uptake models is limited. As a

result, only relatively simple models are available to express plant uptake in terms of chemical

properties such as K.

In this paper we provide a critical review of plant-to-soil bioconcentration ratio (BCR)
estimates based on models and experimental data. The key focus is on the reliability of BCR
estimates and the sources and magnitude of uncertainty associated with BCR estimates in risk
assessments and other impact studies. In the sections below, we consider the conceptual and
theoretical formulations of the bioconcentration ratio, formulating and calibrating empirical and
mathematical algorithms to describe this ratio and the experimental data used to quantify BCRs
and calibrate the model performance. We review the uncertainties in conceptual vegetation mass-
balance models by evaluating the theoretical basis for these models and considering how lack of
conceptual clarity leads to model uncertainty and misinterpretation. We next consider alternate
modeling strategies and the associated changes in the reliability, fidelity, and transparency of the
models. Here we confront such issues in BCR model development as selecting the general
model structure, how many compartments to include, and selecting the outcome metric—total
fresh-mass concentration, fugacity, liquid-phase concentration, dry-mass concentration, etc .
Finally, there is the issue of how measurement uncertainty and variability for calibration data
define the reliability of BCR values derived from experiments and how this compares to model

performance uncertainty. For this we evaluate both the magnitude and primary sources of



measurement variability and uncertainty in plant uptake experiments and compare these
uncertainties to conceptual uncertainty and model formulation uncertainty. Here we consider a
single widely-studied chemical, hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), and focus on the
variability of BCR measurements obtained from a number of experiments with different plant
species, different plant tissues, different experimental conditions, and different methods for

reporting concentrations in the soil and plant tissues.

Plant Bioconcentration Ratios: Concepts, Models, and Measurements

In this section, we review the plan-soil BCR in terms of conceptual model formulation,
mathematical model formulations, and model calibrations with experimental data. Our goal is to
review the current literature on plant uptake to provide a critical evaluation of how well the soil-
to-plant transfer pathway is understood and quantified. We give particular attention to how gaps
in conceptual understanding, limited experimental observation, and key assumptions contribute
to the overall uncertainty in BCR estimates derived from experimental observation and models.

Chemicals are transferred from soil to various plant parts through two stages [6, 9]. In the
first stage, the chemical can be transferred from soil to the vegetation via one of four pathways—
(1) uptake through the roots; (2) volatilization of the chemical from soil with the chemical
vapors trapped by the plant leaves; (3) rain-splash, where soil particles are dispersed onto the
leaf surfaces following impact of rain drops on the soil surface, and (4) wind induced suspension
of soil particles that subsequently fall out onto the surfaces of vegetation. In the second stage the
chemical moves from roots and/or leaves to other components of the plant (translocation). These

stages are illustrated in Fig. 1 where various concepts of the BCR are also illustrated.



Conceptual Models of Plant Uptake

In the current scientific literature, plant-soil bioconcentration is used to describe the ratio of
the concentration measured in vegetation to a concentration in the soil supporting that
vegetation. However, defining “concentration in vegetation” is often difficult, particularly in
larger plants where the roots, stems, and leaves all have significantly different contaminant
concentrations. A plant-to-soil BCR expresses the observed or predicted ratio of contaminant
concentration in plant parts relative to concentration in soil. There are at least five ways to
define a plant BCR relative to chemical concentration in the soil solids (dry mass) or relative to
the concentration in the water solution in soil. These definitions are summarized in Table 1. The
choice of definition impacts both the interpretation of BCR measurements and the form of the

model used to express them.

General Model Formulations for the Plant-to-Soil BCR

In order to evaluate the performance of BCR models, we consider here a range of existing

models that express plant uptake in terms of the chemical properties such as K, and

quantitative structural factors such as the molecular connectivity index (MCI). In the following
paragraphs we describe the principal modeling options proposed in the current literature. In the
next subsection we discuss tools for determining the reliability of these model for predicting
plant uptake from soil.

An early effort by Briggs et al. [10-11] used K, to estimate uptake by roots, transpiration
stream, and stems from soil solution. Others have since developed alternative models building on

the Briggs et al. approach. In particular, Travis and Arms [12] who reviewed measurements of

bioconcentration reported in the literature for 29 persistent organo-chlorines in plants to develop



a K,,-based empirical regression model of plant-soil BCR (on a dry-mass basis) in above-

ground plant parts. Dowdy and McKone [13] compared the precision and accuracy of the MCI

relative to K, as a predictor of bioconcentration from the soil matrix into above- or below-

ground vegetation tissues. However, Riederer [14], McKone [15], and Dowdy and McKone [13]
have all reported the low reliability of using simple plant/soil partition coefficients to
characterize uptake. McFarlane et al. [16] have demonstrated experimentally that chemicals with

similar values of K, can have drastically different long-term partitioning.

Based on experiments with 18 radio-labeled O—methylcarbamoyloximes and substituted
phenylureas, Briggs et al. [10] measured partitioning between barley roots and nutrient solutions.
They refer to this partition coefficient as the root concentration factor, RCF, which is defined in
Table 1, and proposed estimation equations based on these data. Other researchers have applied

different data sets to propose alternative formulations for the RCF regression with K, [17, 18].

In order to represent the translocation of chemicals from the root-soil pore water to the stem of
plants, Briggs et al. [10] defined the transpiration stream concentration factor (TSCF) and
formulated a regression model for this BCR based on the same experimental set used for RCF.
The TSCF accounts for the reduction in concentration in the pore water as it crosses the root
membrane and moves through the xylem to the stem. Thus, the TSCF represents the ratio of
contaminant concentration in the xylem stream of the stem, mg/L, to contaminant concentration
in soil solution, mg/L. Hsu et al. [19] and Burken and Schnoor [18] have proposed alternate
constants for the Briggs et al. TSCF model using alternate experimental data sets. Briggs et al.
[11] also made measurements of chemical uptake in macerated stems from solutions for 8 O—
methylcarbamoyloximes and substituted phenylureas in barley shoots to develop a model of the

stem to soil-solution concentration ratio (SCF).
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Trapp and Matthies [20] developed a one-compartment differential mass balance model for
air-to-plant and soil-to-plant uptake. Included in this model are uptake from soil through the
transpiration stream, gaseous deposition, volatilization from leaves, chemical transformation,
and growth dilution. Their model provides a method for assessing a transient and long-term
BCR from soil solution to leaves. Hung and Mackay [21] followed a similar approach to mass
balance as Trapp and Matthies [20], but used three compartments—roots, stem, and leaves—
instead of one compartment. The Hung and Mackay model [21] provides a similar opportunity
for constructing a transient and plant-specific method for calculating BCFs, but requires many
more plant- and chemical-specific parameters.

Dowdy and McKone [13] used the MCI as a quantitative structure-activity relationship
(QSAR) for predicting plant-soil bioconcentration. They report that the normal path first-order
MCI could reliably predict plant biotransfer for nonpolar compounds without any need for
correction factors. But they found that extension of this predictive model to estimate biotransfer
for polar compounds requires an adjustment of the index with correction factors to account for
polar group effects.

Chiou et al. [22] revisited the data of Briggs et al. [10], Trapp et al. [23] and earlier data for
pesticides to propose a novel modeling approach based on the following assumptions: (1) overall
transport from soil is driven by soil-water concentration; (2) each volume element within the
plant attains equilibrium with the sap in that component; and (3) the contaminant concentration

in each volume element can be scaled to the soil-water solution.
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Model Residual Error, Model Differences, and Model Uncertainty

In order to compare different modeling approaches in terms of model error, we consider
how well each model matches its own calibration set, how well the models compare with each
other and how well each model tracks an ensemble set of data, pulled together from different
studies.

In order to evaluate how well a model matches its own calibration set, we use the standard
error of the estimator (SEE). The SEE for a BCR derived from any estimation scheme (i.e.,

process based or regression model) is calculated according to the following formula [15, 24].

SEE of log By = \/ﬁ Z [log BXde —log BfSt]zi (D)

where By refers to the estimated BCR , n is the number of chemicals used in the estimation
protocol, B,msd refers to the measured BCR, and B, refers to the corresponding estimated BCR

value. We also compare results by considering the geometric standard deviation (GSD) among a
set of observations and the coefficient of variation (CV) for a set of observations, the ratio of

arithmetic standard deviation to the arithmetic mean,

CV = Stdev/p. @)

When we have the GSD and geometric mean (GM) from a set of observations or from the
residual error of a model calibration exercise and need to estimate CV, we use Monte Carlo
sampling from a lognormal distribution with the specified GSD and GM to estimate the

arithmetic mean (p), Stdev, and CV.
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Variations in Mathematical Formulations for Models of Plant Uptake from Soil

In the sections below we compare key features of a representative set of model formulations
that we used to explore variations in BCR estimates among the models.

We first consider RCF. Below is the Briggs et al. [10] estimation equation for RCF from
their experiments with 18 radio-labeled O—methylcarbamoyloximes and substituted phenylureas

taken up by barley roots from nutrient solution:
log (RCF —0.82) = 0.77 log Ky, —1.52 £0.12  (n=18, R2=0.97) 3)

The term + 0.12 is the SEE for the log RCF. Based on studies of 9 carbon-14-labeled organic
chemicals in barley and cress, Topp et al. [17] developed a second version of this regression

model:
log RCF =0.630 log Ky, — 0.959 (n=9, R2=0.80) 4)

Burken and Schnoor [18] used 11 carbon-14-labeled compounds taken up by poplar-tree shoots

to obtain a third version of this model:
log (RCF —3.00) = 0.65 log K, —1.57 (n=11) (5)

Equations 3, 4, and 5 give similar results for RCF at log K, = 2, but at log K, = 0 their RCF
estimates differ by almost a factor of 30 and at log K, = 6 they differ by a factor 5. Thisisa
much larger variation than the residual error reported in Equation 3, which we assume to be
roughly the same for all three models.

Briggs et al. [10] formulated the following regression model for TCSF based on their 18

experiments with barley roots and nutrient solutions,
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[ (log Ky —1.78)% |
10gTSCF=O.784xexpL—(Og w ) JiO.27 (n=18, R2=0.61) (6)

Hsu et al. [19] developed an equation of similar form using soybean roots, but with slightly

different regression parameters:

r _ 2 —|
log TSCF = 0.70 x eXpL— (log K05v783-07)

(7

Burken and Schnoor [18] used carbon-14-labeled compounds taken up in poplar-tree shoots to

obtain a third version of this model:

[ log Ky —2 2]
log TSCF = 0.756 x expt—( og O;V58 :50)

(n=11) (8)

When log K, 1s in the range 0 to 5, the estimate of TSCF differs among Equations 6 through 8

by an order of magnitude. We note that this difference is much greater than the residual error
shown in Equation 6.

In order to obtain an estimate of the SCF, Briggs et al. [11] made measurements of chemical
uptake in macerated stems from solutions for O—methylcarbamoyloximes and substituted
phenylureas in barley shoots and obtained the following expression for the stem to solution

concentration:
log K(stem/solution) = 0.95 log K., —2.05  (n=8, R2=0.96) 9

Under the assumption that the contribution of the aqueous phase in stems to the uptake of
chemical by stems is similar to that in roots (that is 0.82), Briggs et al. [11] used Equation 7 to

develop the following relationship for the stem/xylem-sap partition coefficient:
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log [K(stem/xylem sap) + 0.82] = 0.95 log K\, — 2.05 (10)

From Equation 10, Briggs et al. [11] developed the stem concentration factor (SCF). Based on
the assumption that SCF is the product of K(stem/xylem sap) and TSCF (from Equation 4) they

obtained the following model formulation of SCF,

2
SCF = (0.082+0.0089x K5 Jx {0'784 g GXP{_ W}} "

The widely used Travis and Arms [12] correlation of plant-soil bioconcentration (on a dry-

mass basis) in aboveground plant parts with K, is expressed as

log BCRy ¢ = 1.58 — 0.58 log Koy, *0.73 (n=29, R2=0.525) (12)

The error term in Equation 12, + 0.73, was not provided by Travis and Arms [12] but was
calculated by McKone [15] using the SEE.

The Trapp and Matthies [20] model provides a method for assessing a transient and long-
term BCR from soil solution to leaves. When the concentration of contaminant in air is low
relative to plant, their model reduces to the following form for expressing the transient and plant-

specific biotransfer factor,

BCR¢sw(t) = CL(V)/Cy, = TSCFxQ X [l - exp(—at)] (13)
m, a

L

where

Cy = concentration in plant leaves, mg/kg;
Cw~= concentration of contaminant in soil solution, mg/L;

a= Ag/(KLAVL) + ke + kg
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A = leaf area, m’;

g = air-to-leaf conductance, m/d;

Ky a= leaf-air partition coefficient, mg/m3(leaf) per mg/m3(air);
V1= volume of leaves, m3;

ke = rate constant for elimination by chemical transformation (i.e. metabolism) within the

leaves, 1/d;

ko = growth dilution rate constant, 1/d;

TSCF = transpiration stream concentration factor; L(soil solution)/L(transpiration stream);
Q = transpiration flow from soil through stems, L/d; and

my, = fresh mass of the leaves, kg.

As time, t, become large with respect to a and for log K, less than 4, Equation 13 tends to track
the SCF proposed by Briggs et al. [11] (Equation 11). When log K, is above 4, this BCR tends
to be significantly lower than SCF. However, this is expected since this expression provides a

mass-balance for leaves, whereas the SCF is for stems.

Using the polar-corrected MCI, i Dowdy and McKone [13] developed the formulations

pe’
below for bioconcentration ratios (BCRs) for roots relative to soil (root-s) and above ground

plant relative to soil (abg-s).

1
log BCRroot-s = 0.718( X0) - 2.372 +£0.90 (n=16, R2=0.84), (14)

1
log BCRabg-s = -0.204( Xyc) + 0.589 +0.34 (n=30, R2=0.83) (15)
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The units of BCRygot-s are L(soil solution)/kg (plant fresh mass) and the units of BCRrgot-s
are kg(soil dry mass)/kg(plant dry mass). Both terms have large residual errors because of the
large range of physical-chemical properties of the organic chemicals addressed in this regression.

Chiou et al. [22] expressed the concentration of a contaminant in either the whole plant or a

specific part of the plant (i.e., roots, stems, leaves, etc.) (Cpy) on a wet-mass basis relative to soil-

water concentration Cy, using the following expression:

Cpt = Opt Cw [¢poprom + ¢pw] (16)

The term o, is called “the quasi-equilibrium factor”, which describes the approach to

p
equilibrium of any absorbed contaminant in the plant (or in a part of it) with respect to the same

contaminant in soil solution. Ky, is the contaminant partition coefficient between plant organic
matter and water, ¢, is the total weight fraction of the organic matter in the plant, and ¢, is

the weight fraction of water in the plant, either for the whole plant or for a specific part of it. In

this model o, may be viewed as the ratio of the respective concentrations in plant water and

external water. Thus, o, = 1 denotes the state of equilibrium. The magnitude of o, (<1) is a
measure of the extent of approach to equilibrium. If passive transport is the dominant uptake

process, a, should not exceed 1, except for highly unusual situations; if the uptake involves an
active process, o, may however exceed 1. Chiou et al. [22] determined values of oy based on

the data of Briggs et al. [10], Trapp et al. [23], and earlier data for pesticides and found that

alpha varied roughly within an order of magnitude among the various experimental results.
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New Opportunities for Model Calibration and Testing

In addition to the published experimental data that have been used to develop current
bioconcentration models [10, 11, 12, 16, 17, 19, 20], there have been a number of recent
experimental assessments that provide additional opportunities to evaluate the performance of
plant-to-soil bioconcentration models. For example, Sicbaldi et al. [25] have compiled new data
on root uptake of pesticides. Kraajj and Connell [26] have measured the root-to-soil
bioconcentration of a series of chlorobenzenes in soybean roots. Kipopoulou et al. [27] have
measured the plant-to-air and/or plant-to-soil bioconcentration of polycyclic aromatic
hydrocarbons in vegetables grown in an industrial area. The US EPA [28] have compiled data
on soil and plant concentration data that provides a potential opportunity to assess plant-to-soil

partition factors for a number of dioxin congeners.

Compilation of Experimental Data Showing BCR Variability for Single Chemical

We focus on the collection of BCR data for a single chemical in order to evaluate how
experimental variability impacts BCR estimates,. In the next section where overall BCR
reliability and uncertainty are considered, we compare this experimental variability to both to
conceptual model uncertainty and to model formulation uncertainty. As the single chemical of
interest, we select hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), a compound that has been
studied extensively. We assembled a number of reports and journal papers describing
experiments in which plants were grown in soil or water containing a measured concentration of
RDX and in which the plant tissues were sampled for RDX. Through this process we obtained 81
different experimental observations of plant-to-soil BCRs for RDX from experiments with

different plant species, plant tissues, experimental conditions, and methods for reporting
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concentrations in the soil and plant tissues. These measurements are summarized in Table 2. The
cited studies include experimental data on ten different plant types--alfalfa, beans, corn, lettuce,
tomato, carrot, cucumber, nutsedge, radish, and spinach; seven different plant tissues--roots,
stem, leaves, pods, fruits, tassels, and seeds; both dry- and fresh-mass based measures of plant
concentrations; measurements of chemical concentration and of radio-labeled tracers; and both
dry- and solution-based measures of soil concentrations.

The results in Table 2 include observations from six different reports that provide results
from multiple experiments, and different experimental protocols. Cataldo et al. [29] used radio-
labeled RDX to measure uptake from contaminated soil into the roots, stems, leaves, pods, and
seeds of bean plants. They also used beans grown in hydroponic solutions with radio-labeled
RDX to compare with their field results. Cataldo et al. [29] report all plant concentrations on a
fresh-mass basis. But they report their soil concentrations on a dry mass basis and also report soil
organic carbon. Checkai and Simini [30] used hydroponic studies to measure concentrations of
RDX on a fresh-mass and dry-mass basis in tissues of plants grown in a growth solution with a
specified RDX concentration. They carried out these experiments for bush bean fruit, corn
stover, lettuce leaves, alfalfa shoot, radish roots, and tomato fruit. Price et al. [31] reported the
dry mass plant tissue concentration relative to soil fresh-mass concentration for experiments that
exposed corn kernel, corn stover, lettuce leaves, nutsedge, and tomato fruit, to RDX in soil and
soil solution. Harvey et al. [32] used radio-labeled RDX in 1- and 7-day hydroponic studies to
measure uptake in bean roots, bean stems, and bean leaves. Fellows et al. [33] reported the dry
mass plant tissue concentration relative to soil dry-mass concentration for corn ear, corn stem,

corn leaves, corn tassel, alfalfa roots, alfalfa shoot, alfalfa seeds, carrot shoot, spinach root,
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spinach shoot, and spinach seeds. Larson et al. [34] measure the uptake on a dry mass basis in
the leaves and tassels of corn grown in RDX contaminated solution.

The compilation of BCR values in Table 2 shows large variations in the experimental
conditions and interpretations of measurements. In order to harmonize these data we converted
all the results to an equivalent BCR with units of concentration in plant fresh mass divided by
soil solution concentration, that is pg/kg (fresh plant mass) per ng/L(soil water). For some
experiments this required the conversion of a reported soil dry mass concentration to an

equivalent soil solution concentration for which we used the follow conversion:

C(soil fresh mass) = C(plant dry mass)/K 4= C(plant dry mass)/(Ky.f,c) (17)

Where Kj is the soil-water distribution coefficient (ng/kg[soil] per pg/L[water]), which is
estimated as the product of the organic carbon partition factor K, (ng/kg[organic carbon] per
pg/L[water]) and the fraction of organic carbon in soil, f,.. For RDX, we used a K, value equal
to 100 [35]. The values we used for f,. are reported in Table 2 and obtained from the cited
references. For some experiments we had to convert a reported plant dry- mass concentration
(ng/kg) to an equivalent plant fresh-mass concentration (pg/kg). For this we used the following

conversion:

C(plant fresh mass) = C(plant dry mass)*fgy.mass (18)

Where fury-mass 1 the fraction of plant fresh mass that will become dry mass under experimental
conditions. In Table 2, we list the value used for this parameter when it is required. These values
were either obtained from the cited reference or assigned a default value of 0.2 when there is no

reported value.
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We applied a statistical analysis to the values of the RDX BCR in Table 2 to determine the
characteristics of the range and spread of these results. The arithmetic mean and standard
deviation of the 81 RDX BCR values given in Table 2 are, respectively, 2.3 and 4.0,

corresponding to a CV of 1.7. The GM and GSD are respectively 1.1 and 3.5.

The Reliability of Plant Bioconcentration Estimates

In order to evaluate the reliability of the models and experimental data currently available to
assess plant-soil BCR, we consider three issues. First we consider uncertainties that arise from
conceptual model formulation. These results are primarily qualitative and subjective, but set the
stage for the more quantitative reliability questions. Next, we consider the likely variation in
results from mathematical models used to characterize plant uptake from soil. Our focus here is
on the residual error associated with the use of models to estimate the BCF for an unspecified
soil/plant/plant tissue system. Finally, we consider the estimation error associated with using our
collection of experimental observations for RDX to make an estimate for the BCF for RDX in an
unspecified soil/plant/plant tissue system and compare this to the uncertainty associated with

making BCR estimates from models.

Uncertainties in Model Formulation

Based on our review of available plant biotransfer models, we find that the range of
conceptual model formulation options introduces significant, but difficult to quantify,
uncertainty to the process of modeling BCRs. A key source of uncertainty and potential error is
in the definition of bioconcentration and selection of the appropriate soil concentration metric
(dry mass, fresh mass, soil solution, etc.) and the representative plant concentration metric, plant

species, and plant tissue. But even when the concept and metric of BCR is clear, there are
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additional key uncertainties introduced by the options and limitations for measurements that
support the conceptual model. As observed previously by Paterson et al. [9], three types of
factors affect the uptake and distribution of chemical compounds within plants. First and
foremost are physicochemical properties of the compound such as water solubility, vapor
pressure, molecular weight, and octanol/water partition coefficient. Second are environmental
characteristics including temperature of the soil as well as organic and mineral matter content
and water content of the soil. Third are plant characteristics such as the type of root system,
shape and composition of the leaves, and lipid (oil) content. These three issues limit the options
for reducing uncertainty at the model formulation stage. The reliability of any model based on
physicochemical properties is also limited by the accuracy and availability of these properties.
Physicochemical properties for many compounds are not accurately known. Soil characteristics
are highly variable from one location to another and also vary seasonally at a single location. In
addition, plant characteristics also vary significantly from one plant species to another, and

seasonally in the same plant.

BCR Model Uncertainty due to Residual Calibration Error and Model Differences

Our confidence about the ability of models to provide estimates of BCRs derives both from
the ability of a single model to match its calibration set of chemicals and from the consistency
with which different models produce similar BCR values.

Our evaluation reveals that the residual errors (SEE) of the log BCR among different
models relative to measured values range between 0.12 to 0.9 log units, which is equivalent to a

geometric standard deviation (GSD) range of 1.3 to 8, corresponding to a coefficient of variation
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(CV) of between 0.27 and 8.6. While this is not a measure of overall model uncertainty, it does
measure how well a model fits its own calibration set.

The more important issue, however, is the expected reliability of the models for predicting
BCR values for chemicals not included in their calibration set. This test has rarely been applied,
but we can use the results above to make some general comparisons. In Fig. 2 we provide a plot

of the BCR estimates for several models with log K, as the predictive parameter. We also

include in this figure the calibration data for each model to get a sense of how the results
converge or diverge among the different models. To construct this figure, we converted all the
measured values and the model predictions to equivalent plant-fresh-mass-soil-solution BCR
ratios. This figure has a log-log scale and reveals a significant divergence among the models.
For example, we see here that both the TSCF and the SCF models of Briggs et al [10, 11] predict

arapid fall in BCR above a K, of 3 for the TSCF models and above a K, of 6 for the SCF

model. But the Briggs et al. [10,11]-type models for RCF, TSCF, and SCF have not been tested

for compounds with log K, above 5 to confirm this rapid decrease. Moreover, this is not
consistent with experimental observations of BCR for some higher K, compounds.

Nevertheless, the Briggs et al. [10,11]-type models appear to have relatively high reliability for
fitting observations for chemicals with 0 < log K, <5 or 6. Although the Travis and Arms [12]
BCR model tends to track along the center range of the measured values shown in Fig. 2, we
note that it should only be used for compounds with 1 <log K, <9, i.e., the range in which the
model was calibrated.

In Fig. 2 we include two (dark) lines that capture the roughly 4 standard deviation interval

(95% confidence interval) around both the experimental and model results. These lines indicate
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that the differences among both the models and the observations used to construct them have an
estimated GSD of 10 with a corresponding CV of 14. These are large uncertainties. But, this
ensemble uncertainty is not significantly higher than the residual estimation error of models that
are designed to capture variability of BCR across a broad range of chemical properties. For
example the residual error of the MCI-based regression model [13], as reflected in Equation 14

has GSD of 8.

BCR Uncertainty for a Single Chemical due to Experimental Variability

In order to provide an example of the uncertainty due to variability, we developed a
cumulative probability plot for the 81 observed values of RDX BCR reported in Table 2. We

developed this probability plot based on their rank order using the relationship:

Cumulative Probability = (rank-0.5)/81 (19)

The resulting cumulative probability plot for the 81 RDX BCR observations is shown in Fig. 3
as a series of open circles. Also plotted for comparison in Fig. 3 is a cumulative lognormal
probability distribution with GM 1.1 and GSD 3.5. We see here that the lognormal distribution
with these moments provides a good fit to the variance in BCR from the set of experimental
observations.

We focus on the single compound RDX to gain insight on the relative contributions of
model uncertainty and experimental variability to our ability to estimate a BCR for a selected
organic chemical. Fig. 4 summarizes our comparison presented as two cumulative probability
distributions. The two lognormal distributions in Fig. 4 show the relative variance attributable to
experimental variability and to model uncertainty for estimating the BCR value for a chemical

such as RDX that has an expected BCR value of 1.1. The lognormal distribution for variance in
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BCR obtained from 81 experiments is taken from Fig. 3 (GSD of 3.5; CV of 1.7). We estimate
that, in the absence of any chemical and site-specific experimental information, the expected
uncertainty of a BCR model for RDX can be represented by a log normal distribution with a GM
of 1.1, a GSD of 10, and a CV of 14. This is the second cumulative distribution shown in this
figure. Also shown are estimated 95% confidence intervals on the BCR estimate based on model
uncertainty and experimental variability.

In order to compare the relative contribution of experimental variability and model
uncertainty, we used the R2 squared statistic, which is a measure of variance in one set of
observations explained by a second set. We computed R2 from the two the sources of variation--
the variance of the experimental measures about the mean BCR and the variance attributable to
the uncertainty in results from the model-based estimates of the BCR. We did this by using
random sampling to obtain 3000 samples from the lognormal distribution of model uncertainty
and 3000 samples from the lognormal distribution for experimental variability. Based on the
correlation coefficient R between these two samples, we obtained an R equal to 0.57. This
indicates that a significant fraction of the overall BCR estimation uncertainty is attributable to

experimental variability.

Discussion and Findings

Our critical review of the range and reliability of methods for estimating plant-soil BCR
offers insight for environmental scientists who must interpret and apply plant-uptake estimates
obtained from models and experiments. In this assessment we have emphasized the importance
of confronting uncertainties at each stage of the model development and application. We see that

uncertainty emerges at the conceptual model stage as well as during mathematical model
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formulation and calibration and in model applications. The results above show that uncertainty is
not simply a variance propagation or “Monte Carlo” assessment that is used to propagate
parameter variance at the model application stage. Instead it is a process that begins at the
earliest stage of model development and accrues through model formulation and specific
applications.

In the studies reviewed in this paper, we find that important uncertainties arise at the first
stage of model development—the concept formulation. For plant uptake models that address
competing soil-root-leaf and soil-air-leaf pathways, conceptual uncertainties remain a dominant
source of overall uncertainty. An important contributor to this conceptual uncertainty is the lack
of a consistent definition of BCR for soil uptake in both experiments and models. This leads to
confusion and inconsistency in the use of BCR. Because this type of uncertainty is difficult, if
not impossible, to quantify, we must develop qualitative methods and classifications to
communicate this important source of uncertainty.

In evaluating model formulation, we observe large differences among models in their
predictions of BCR, but we discovered no clear basis for selecting one model as more accurate
than another. The residual errors reported for many of the models in fitting their calibration data
leads us to believe that we do not yet have sufficient data to formulate accurate models. But our
review of experiments for the single chemical RDX reveals that much of the uncertainty is
attributable to the lack of precision and variability of experimental data used to obtain the BCR
values used to calibrate models. It appears that there are advantages to using more than one
compartment in formulating BCR models. But lack of experimental data and the poor state of
conceptual knowledge suggests that model uncertainty cannot be reduced by adding large

numbers of compartments to the models. Too many plant components in our models lead to over
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specification. But a single compartment model can miss the combined effect of root and shoot
uptake processes.

The interaction among measurements, conceptual models, and models leads to the
conclusion, contrary to our initial expectation, that it may not be possible to distinguish the
relative contributions of overall uncertainty from conceptual uncertainty, measurement
variability, and model uncertainty. For example, the variations in the value of BCR obtained
from the 81 experiments we considered for RDX span a rather wide range. But it is not clear
how much of this variation is attributable to experimental uncertainty and how much to
inadequate conceptual models. Often the conceptual model is used to design experiments so that
an incorrect conceptual model leads to measurements that are difficult to interpret when they are
inconsistent with the concept. Perhaps the variance in the experimental values would be much
lower if we understood better how BCR is affected by variables whose impact is not yet fully
understood—for example temperature, soil properties, etc. Similarly if we really had a complete
and thorough conceptual understanding of the process of uptake, then choosing a mathematical
equation would likely be less uncertain. That is, the mathematical model formulation may only
appear uncertain because we are using mostly-empirical mathematical relationships to describe a
process that we do not understand well enough at a conceptual level. So it is not clear whether
we classify this as uncertainty in the mathematical model formulation, or as uncertainty in the
conceptual model.

In applying model performance evaluation to plant uptake modeling, the results and
discussion above lead us to a number of key findings. These include:

The conceptual formulation of the bioconcentration ratio has an important, but at this point

difficult to quantify, contribution to overall uncertainty. In particular, the concept of different
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plant components, the selection of dry- versus fresh-mass concentrations, and the use of
dynamic or steady state concentration ratio strongly impact the reliability and uncertainty of

the resulting BCR model.

When we consider both the performance of models with respect to their calibration
experiments and also compare different models, we find that quantitative results for any
randomly selected organic chemical have very large model uncertainties. We estimate that in
the absence of specific experimental information, the expected uncertainty of a BCR model
can be represented by a log normal distribution with a GSD of 10 (CV = 14). This means that
without additional information on plant species or without plant- and site- specific
measurements, we can only expect a model to predict a BCR within £1 log units such that
there is a 66% likelihood that the actual BCR value is 10 times higher or lower than the value

obtained from a model.

Based on consideration of a large number of experiments for a single, well-studied
compound, RDX, we find that experimental measurements of BCR have large experimental
variability and that this experimental variability can be represented by a lognormal
distribution with a GSD of 3.5 (CV = 1.7). This indicates much of our observed model
uncertainty most likely derives from experimental variability. This leads to the observation
that controlled measurements cannot necessarily remove the large uncertainties that derive

from BCR models.
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Comparison for RDX of the relative contributions of model uncertainty and experimental
variability to uncertainty in BCR estimates indicates that a large fraction of model

uncertainty can be attributed to experimental variability.

The variability and complexity of the uptake and transport of chemicals in vegetation cannot
be captured by a point-value for BCF, but requires the use of ranges and confidence intervals
to communicate the large uncertainties associated with estimating BCRs. In any plant-uptake
model used to estimate a BCR, we must develop a process for communicating both the

magnitude of the result and the confidence that can be placed in this number. On the part of

the assessor this requires a presentation of both qualitative and quantitative uncertainties.

Acknowledgment

This research was supported by the US Environmental Protection Agency National
Exposure Research Laboratory through Interagency Agreement #DW-988-38190-01-0 with
Lawrence Berkeley National Laboratory through the US Department of Energy under Contract

Grant No. DE-AC02-05CH11231.

References

1 Tolls J, McLachlan MS. 1994. Partitioning of semivolatile organic compounds between air

and Lolium multiflorum (Welsh Ray Grass). Environ Sci Technol 28:159-166.

2 Simonich SL, Hites RA. 1994. Vegetation-atmosphere partitioning of polycyclic aromatic

hydrocarbons. Environ Sci Technol 28:939-943.



10

11

12

29

Welsch-Pausch K, McLachlan MS, Umlauf G. 1995. Determination of the principal
pathways of polychlorinated dibenzo-p-dioxins and dibenzofurans to Lolium Multiflorum

Welsh Ray Grass. Environ Sci Technol 29:1090-1098.

Thomas G, Sweetman, AJ, Ockenden WA, Mackay D, Jones KC. 1998. Air-pasture transfer
of PCBs. Environ Sci Technol 32:936-942.

Thomas GO, Smith KEC, Sweetman AJ, Jones KC. 1998. Further studies of the air-pasture
transfer of polychlorinated biphenyls. Environ Pollut 102:119-128.

Hiatt MH. 1998. Bioconcentration factors for volatile organic compounds in vegetation. Anal

Chem 70:851-856.

Hiatt MH. 1999. “Leaves as an indicator of exposure to airborne volatile organic compounds.

Environ Sci Technol 33:4126-4133.

Maddalena RL, McKone TE, Kado NY. 2002. Exposure chamber measurements of mass
transfer and partitioning at the plant/air interface. Environ Sci Technol 36:3577-3585.
Paterson S, Mackay D, McFarlane C. 1994. A model of organic chemical uptake by plants
from soil and the atmosphere. Environ Sci Technol 28:2259-2266.

Briggs GG, Bromilow RH, Evans AA. 1982. Relationship between lipophilicity and root
uptake and translocation of non-ionized chemicals by barley. Pestic Sci 13:495-504.

Briggs GG, Bromilow RH, Evans AA, Williams M. 1983. Relationships between
lipophilicity and the distribution of non-ionized chemicals in barley shoots following uptake

by the roots. Pestic Sci 14:492-500.

Travis CC, Arms AD. 1988. Bioconcentration of organics in beef, milk, and vegetation.

Environ Sci Technol 22:271-274.



13

14

15

16

17

18

19

20

21

30

Dowdy DL, McKone TE. 1997. Predicting the bioconcentration of organic chemicals from
soil or air into plants using quantitative structure activity relationships. Environ Toxicol

Chem 16:2448-2456.

Riederer M. 1990. Estimating partitioning and transport of organic chemicals in the
foliage/atmosphere system: Discussion of a fugacity-based model,” Environ Sci Technol
24:829-837.

McKone TE. 1993. The precision of QSAR methods for estimating intermedia transfer
factors in exposure assessments. SAR and QSAR in Environmental Research 1:41-51.
McFarlane JC, Pfleeger T, Fletcher J. 1987. Transpiration effect on the uptake and

distribution of bromacil, nitrobenzene, and phenol in soybean plants. J Environ Qual

16:372-376.
Topp E, Scheunert I, Attar A, Korte F. 1986. Factors affecting the uptake of 14C-labeled
organic chemicals by plants from soil. Ecotoxicol Environ Saf 11:219-228.

Burken JG, Schnoor JL. 1998. Predictive relationships for uptake of organic contaminants by
hybrid poplar trees. Environ Sci and Technol 32:3379-3385.

Hsu FC, Marxmiller RL, Yang AYS. 1990. Study of root uptake and xylem translocation of
cinmethylin and related compounds in detopped soybeans roots using a pressure chamber
technique. Plant Phyiol 93:1573-1578.

Trapp S, Matthies M. 1995. Generic one-compartment model for uptake of organic chemicals
by foliar vegetation. Environ Sci Technol 29:2333-2338.

Hung H, Mackay D. 1997. A novel and simple model of the uptake of organic chemicals by

vegetation from air and soil. Chemosphere 35:959-977.



22

23

24

25

26

27

28

29

31

Chiou CT, Sheng G, Manes M. 2001. A partition-limited model for the plant uptake of

organic contaminants from soil and water. Environ Sci Technol 35:1437-1444.

Trapp S, Matthies M, Scheunert I, Topp EM. 1990. Modeling the bioconcentration of organic

chemicals in plants. Environ Sci Technol 24:1246-1252.

Dowdy DL, McKone TE, Hsieh DPH. 1996. The use of the molecular connectivity index for

estimating biotransfer factors. Environ Sci Technol 30:984-989.

Sicbaldi F, Sacchi GA, Trevisan M, Del Rel AAM. 1997. Root uptake and xylem

translocation of pesticides from different chemical classes. Pestic Sci 50:111-119.

Kraajj H, Connell DW. 1997. Bioconcentraiton and uptake kinetics of chlorobenzenes in soy-

bean roots. Chemosphere 34:2607-2620.

Kipopoulou, AM, Manoli E, Samara C. 1999. "Bioconcentration of Polycyclic Aromatic
Hydrocarbons in Vegetables Grown in an Industrial Area," Environmental Pollution,

106:369-380.

US Environmental Protection Agency. 2004. Exposure and human health reassessment of
2,3,7,8-tetrachlorodibenzo-p-dioxin (tcdd) and related compounds National Academy
Sciences (NAS) review draft. Part I: Estimating exposure to dioxin-like compounds. Volume
2: Properties, environmental levels, and background exposures. Available from the US EPA

website: http://www.epa.gov/ncea/pdfs/dioxin/nas-review/

Cataldo DA, Harvey SD, Fellows RJ. 1990. An evaluation of the environmental fate and
behavior of munitions material (TNT, RDX) in soil and plant systems: Environmental fate
and behavior of RDX. PNL-7529/UC-402. Pacific Northwest Laboratories, Richland

Washington.



30

31

32

33

34

35

32

Checkai RT, Simini M. 1996. Phytophysical response of crops to irrigation waters
containing low concentrations of RDX and TNT: Ecotoxicological implications. Proceedings
of the 20th Army Science Conference, 24-27 June, 1996, Norfolk, Virginia, Conference

proceedings report A493093.

Price RA, Pennington JC, Larson SL, Neumann D, and Hayes CA. 1997. Plant uptake of
explosives from contaminated soil and irrigation water at the former Nebraska Ordinance
Plant, Mead, Nebraska. Technical Report EL-97-11. US Army Corps of Engineers,

Waterways Experimental Station.

Harvey SD, Fellows RJ, D.A. Cataldo DA, Bean RM. 1991. Fate of the explosive hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX) in soil and bioaccumulation in bush bean hydroponic
plants. Environ Toxicol Chem 10:845-855.

Fellows RJ, Harvey SD, Cataldo DA. 1995. Evaluation of the metabolic fate of munitions
material (TNT&RDX) in plant systems and initial assessment of material interaction with
plant genetic material: Validation of the metabolic fate of munitions material (TNT, RDX) in
mature crops. PNL-10825/UC-402. Pacific Northwest Laboratories, Richland Washington.
Larson SL, Jones RP, Escalon L, Parker D. 1999. Classification of explosives transformation
products in plant tissue. Environ Toxicol Chem 18:1270-1276.

Layton DW, McKone TE, Hall CH, Nelson MA, Ricker YE. 1986. Demilitarization of
conventional ordnance: Priorities for data-base assessments of environmental contaminants.

UCRL 15902, Lawrence Livermore National Laboratory, Livermore, CA.



33

Table 1. Comparison of various definitions of the plant-soil bioconcentration ratio (BCR).

Description

Formula

BCR for plant dry mass relative to dry

soil (soil solids) concentration

Concentration in dry plant tissue (mg/kg)

BCRy =
dss Concentration in dry soil (mg/kg)

BCR for root (fresh mass) concentration
relative to chemical
concentration in the water
solution in soil (or soil solution)
and referred to as the root-

concentration factor (RCF)

RCF = Concentration in fresh plant roots (mg/kg)

Concentration in soil solution (mg/L)

BCR for transpiration stream
concentration relative to
chemical concentration in the
water solution in soil and
referred to as the transpiration-
stream-concentration factor

(TSCF)

TSCF = Concentration in transpiration stream (mg/L)

Concentration in soil solution (mg/L)

BCR for plant fresh mass relative to
chemical concentration the
water solution in soil (for

example SCF)

_ Concentration in fresh plant tissue (mg/kg)
BCFyqy =

Concentration in soil solution (mg/kg)

BCR for plant fresh mass relative to
chemical concentration to dry

soil (soil solids) concentration

_ Concentration in fresh plant tissue (mg/kg)

K
ps Concentration in dry soil (mg/kg)
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Table 2. Compilation of bioconcentration ratio (BCR) values for RDX and summarized by plant type/part, supply
medium, supply medium concentration, plant concentration and by whether the soil and plant
concentrations are on a dry mass (dm) or fresh-mass (fm) basis.

Medium | Cited Plant Cited Plant

Plant type and | Supply Conc. asdm | Soil f,, | Conc.ppb | asdm dm BCR Ref.

part Medium | ppb RDX | or fm RDX or fm | fraction result
Bean pods soil 10,000 dm 0.005 1,292 fm 0.06 [29]
Bush bean fruit water 100 fm 7 fm 0.07 [30]
Bean roots soil 10,000 dm 0.005 1,500 fm 0.08 [29]
Tomato fruit soil 50,300 fm 0.030 74,519 dm 0.07 0.10 [31]
Corn kernal soil 50,300 fm 0.030 6,140 dm 0.34 0.11 [31]
Radish roots water 100 fm 14 fm 0.14 [30]
Tomato fruit water 100 fm 16 fm 0.16 [30]
Bean stems soil 10,000 dm 0.005 3,738 fm 0.19 [29]
Bush bean fruit water 20 fm 4 fm 0.20 [30]
Bean pods soil 10,000 dm 0.017 1,502 fm 0.26 [29]
Corn Stover water 100 fm 126 dm 0.23 0.29 [30]
Lettuce Leaves water 134 fm 1,600 dm 0.03 0.30 [31]
Radish roots water 20 fm 6 fm 0.30 [30]
Tomato fruit water 20 fm 6 fm 0.30 [30]
Tomato fruit soil 1,770 fm 0.030 7,867 dm 0.07 0.30 [31]
Bean roots soil 10,000 dm 0.017 1,965 fm 0.33 [29]
Tomato fruit soil 1,640 fm 0.030 9,719 dm 0.07 0.40 [31]
Corn Stover water 406 fm 740 dm 0.23 0.42 [31]
Bean roots soil 10,000 dm 0.072 650 fm 0.47 [29]
Nutsedge water 406 fm 980 dm 0.20 0.49 [31]
Corn Stover water 812 fm 1,780 dm 0.23 0.50 [31]
Corn Stover water 2 fm 5 dm 0.23 0.57 [30]
Bean roots water 10,000 fm 6,000 fm 0.60 [32]
Bean stems soil 10,000 dm 0.017 3,924 fm 0.67 [29]
Tomato fruit soil 7,675 fm 0.030 79,593 dm 0.07 0.70 [31]
Nutsedge water 812 fm 2,960 dm 0.20 0.74 [31]
Lettuce Leaves soil 1,770 fm 0.030 10,000 dm 0.05 0.75 [31]
Corn ear soil 15,000 dm 0.005 112,000 dm 0.20 0.75 [33]
Lettuce Leaves water 100 fm 77 fm 0.77 [30]
Bean pods soil 10,000 dm 0.072 1,073 fm 0.77 [29]
Lettuce Leaves soil 1,640 fm 0.030 9,620 dm 0.05 0.77 [31]
Bean seeds soil 10,000 dm 0.005 17,475 fm 0.87 [29]
Lettuce Leaves water 20 fm 18 fm 0.90 [30]
Bean roots water 10,000 fm 9,000 fm 0.90 [32]
Bean leaves soil 10,000 dm 0.072 1,346 fm 0.97 [29]
Bean stems water 10,000 fm 11,000 fm 1.10 [32]
Bean stems water 10,000 fm 11,000 fm 1.10 [32]

Bean stems soil 10,000 dm 0.072 1,555 fm 1.12 [29]
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Nutsedge water 134 fm 1,600 dm 0.10 1.22 [31]
Corn Stover water 20 fm 107 dm 0.23 1.23 [30]
Bean roots water 5,000 fm 6,200 fm 1.24 [29]
Alfalfa shoot water 20 fm 25 fm 1.25 [30]
Alfalfa shoot water 100 fm 131 fm 1.31 [30]
Lettuce Leaves water 812 fm 21,320 dm 0.05 1.31 [31]
Corn Stover water 134 fm 1,600 dm 0.11 1.37 [31]
Lettuce Leaves water 406 fm 11,140 dm 0.05 1.37 [31]
Corn stem soil 15,000 dm 0.005 212,000 dm 0.20 1.41 [33]
Lettuce Leaves soil 673 fm 0.030 7,900 dm 0.05 1.55 [31]
Bean roots water 5,000 fm 9,400 fm 1.88 [29]
Bean leaves water 10,000 fm 19,000 fm 1.90 [32]
Bean leaves soil 10,000 dm 0.017 11,937 fm 2.03 [29]
Alfalfa roots soil 15,000 dm 0.005 313,000 dm 0.20 2.09 [33]
Corn tassel soil 15,000 dm 0.005 326,000 dm 0.20 2.17 [33]
Bean stems water 5,000 fm 10,900 fm 2.18 [29]
Bean stems water 5,000 fm 11,000 fm 2.20 [29]
Bean leaves soil 10,000 dm 0.005 45,515 fm 2.28 [29]
Bean seeds soil 10,000 dm 0.017 13,535 fm 2.30 [29]
Lettuce Leaves soil 5,800 fm 0.051 62,480 dm 0.05 2.39 [31]
Corn tassel water 1,000 fm 16,000 dm 0.15 2.45 [34]
Alfalfa seeds soil 15,000 dm 0.005 377,000 dm 0.20 2.51 [33]
Lettuce Leaves soil 5,800 fm 0.054 62,740 dm 0.05 2.53 [31]
Lettuce Leaves soil 7,675 fm 0.030 154,000 dm 0.05 2.65 [31]
Alfalfa shoot soil 15,000 dm 0.005 429,000 dm 0.20 2.86 [33]
Bean seeds soil 10,000 dm 0.072 4,025 fm 2.90 [29]
Lettuce Leaves soil 50,300 fm 0.030 1,172,000 dm 0.05 3.07 [31]
Carrot shoot soil 15,001 dm 0.005 469,000 dm 0.20 3.13 [33]
Spinach seeds soil 15,000 dm 0.005 499,000 dm 0.20 3.33 [33]
Corn leaves water 1,000 fm 0.005 22,000 dm 0.15 3.37 [34]
Lettuce Leaves soil 5,800 fm 0.030 154,000 dm 0.05 3.50 [31]
Spinach root soil 15,000 dm 0.005 528,000 dm 0.20 3.52 [33]
Bean leaves water 5,000 fm 18,600 fm 3.72 [29]
Corn leaves soil 15,000 dm 0.005 633,000 dm 0.20 422 [33]
Radish roots water 2 fm 9 fm 4.50 [30]
Tomato fruit water 2 fm 11 fm 5.50 [30]
Spinach shoot soil 15,000 dm 0.005 832,000 dm 0.20 5.55 [33]
Lettuce Leaves soil 5,800 fm 0.064 117,750 dm 0.05 5.58 [31]
Lettuce Leaves soil 5,800 fm 0.067 117,960 dm 0.05 5.88 [31]
Lettuce Leaves soil 5,800 fm 0.019 405,000 dm 0.05 5.99 [31]
Bean leaves water 10,000 fm 97,000 fm 9.70 [32]
Bean leaves water 5,000 fm 96,600 fm 19.32 [29]
Carrot shoot soil 15,000 dm 0.005 4,294,000 dm 0.20 28.63 [33]




36

Figure Legends

Figure 1. Illustration of the pathways by which chemical agents are transferred from soil and

soil solution and then into roots, stems, leaves and edible plant tissues. K is the soil solids/soil

solution partition coefficient, RCF the root concentration factor, TSCF the transpiration stream

concentration factor, SCF the stem concentration factor, and K the generalized plant-to-soil

bioconcentration ratio typically relating dry soil solids concentration to dry-mass (edible)

vegetation concentrations.

Figure 2. Comparison of the BCR estimates for several models with log K, as the predictive

parameter. Also included in this figure are the calibration data for each model and (dark) lines
showing our estimate of the four standard deviation interval or 95% confidence interval about

the BCR value based on the different models and data.

Figure 3. A cumulative probability plot for the 81 observed values of RDX BCR in Table 2
showing that the cumulative probability of these data based on rank order fits a cumulative

lognormal distribution with a geometric mean (GM) BCR of 1.12 and geometric standard

deviation (GSD) of 3.5.

Figure 4. Cumulative probability plot showing the relative variance in experimental variability
and model uncertainty for estimating the BCR value for a chemical such as RDX that has an
expected BCR value of 1.12. Also shown here are estimated 95% confidence intervals on the

BCR estimate based on model uncertainty and experimental variability.
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